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ARTICLE INFO ABSTRACT

Keywords: Microbially induced carbonate precipitation is a promising ground improvement technique which can enhance

Bio-cemented soils the mechanical properties of soils through the precipitation of calcium carbonate. Experimental evidences

lecrete element method indicate that the precipitated carbonate can display different distribution patterns. Crystals can develop at

Iglgcrost;ructutr; grain—grain contacts (contact cementing), connect soil grains that were initially not in contact with each
ear streng

other (bridging), precipitate on the grain surface (coating), or fill in the void space (pore filling). This paper
investigates the role of the aforementioned distribution patterns on the mechanical behaviour of lightly bio-
cemented soil samples using discrete element modelling. Bio-cemented samples with different distribution
patterns and carbonate contents are built, and a series of drained triaxial compression simulations are carried
out at different confining pressures. The results show that cementation in the form of bridging and contact
cementing leads to obvious improvement in stiffness, strength and dilatancy. In contrast, cementation in the
form of coating contributes only slightly to mechanical improvement, and pore filling exhibits negligible
influence on the mechanical response of the material. The findings suggest that, to gain strength improvement
in the most effective way, treatments should be tailored to precipitate calcium carbonate crystals in the form

of bridging.

1. Introduction minerals (DeJong et al., 2010; Lin et al., 2015; Mujah et al., 2017; Wang
et al., 2022), precipitation of different polymorphs of calcium carbonate

In recent decades, bio-mediated soil improvement methods have (i.e. vaterite, aragonite or calcite) or of amorphous calcium carbon-
attracted significant attention as ecological alternatives to invasive, ate (Van Paassen, 2009; Terzis and Laloui, 2019b), and inhomogeneity
carbon-intensive stabilisation techniques. These methods, which in- of the treated samples (Xiao et al., 2021b; Zhang and Dieudonné, 2023).
clude microbially induced carbonate precipitation (MICP) and enzyme In particular, four typical distribution patterns of bio-treated sands can
induced carbonate precipitation (EICP), use biogeochemical processes be identified (Fig. 1) using scanning electron microscopy (SEM) (Van
to drive carbonate precipitation and cement soil grains, thereby im- Paassen, 2009; Al Qabany and Soga, 2013; Feng and Montoya, 2015;
proving the material mechanical performance. Possible applications Lin et al., 2015; Hoang et al., 2018; Mahawish et al., 2018; Cheng et al.,

span ground improvement (van Paassen et al., 2010; Zeng et al., 2021), 2019; Xiao et al., 2021a) or micro-CT scanning (Dadda et al., 2017;
liquefaction mitigation (Xiao et al., 2018; Darby et al., 2019), protec-

tion against soil erosion (Salifu et al., 2016; Jiang and Soga, 2017;
Shahin et al., 2020; Clara Saracho et al., 2021a), dust control (Hamdan
and Kavazanjian, 2016), and heavy metal removal (Li et al., 2013,
2016), among others. Soils treated through MICP or EICP exhibit an in-
crease in stiffness, strength and dilatancy (see van Paassen et al., 2010;

Terzis and Laloui, 2018; Clara Saracho et al., 2021b), namely contact
cementing, bridging, grain coating and pore filling. Contact cementing
and bridging lead to the formation of carbonate bonds between sand
grains. In the case of contact cementing, the cemented sand grains
were already in contact with each other prior to cementation, while

Al Qabany and Soga, 2013; Montoya and DeJong, 2013; Chu et al., bridging corresponds to the formation of carbonate bonds between

2014; Cheng et al., 2016; Hoang et al., 2018; Liu et al., 2019; Terzis sand grains which were initially not in contact. Several factors are
and ]:aloui 201 9a", Tang ,et al.. 2020 .i\Iaﬁsi ’et al 202'2), Xia(; et al known to affect the distribution pattern of calcium carbonate and can

be partly controlled. These include the treatment conditions, such as
the concentration of the injected solutions (Okwadha and Li, 2010;
Al Qabany et al., 2012), the injection approach (Cheng et al., 2019;

2021b, among others), yet often with variable magnitudes, even at
equal calcium carbonate contents. Several reasons can explain this vari-
ability: differences in sizes and distribution patterns of the precipitated
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Fig. 1. Microstructure (left), conceptualisation (middle) and DEM idealisation (right) of the four distribution patterns. (a) Contact cementing (SEM image from Lin et al. (2015)),
(b) bridging (SEM image from Van Paassen (2009)), (c) grain coating (SEM image from Cheng et al. (2016)) and (d) pore filling (SEM image from Wu et al. (2021)).

Xiao et al., 2021b), the use of additional ingredients such as powdered
milk (Almajed et al., 2019), the nature of the soil (Lin et al., 2015), its
degree of saturation (Cheng et al., 2013), temperature (Cheng et al.,
2016) and the solution pH (Okwadha and Li, 2010). Note that the
distribution of calcium carbonate in bio-cemented soils significantly
differs from that of other artificially cemented soils, in which water-
insoluble hydrates (e.g. Portland cement) occupy most of the pore
space, typically forming a denser microstructure than bio-cemented
soils (Cheng et al., 2013; Yu et al., 2019). Contact cementing, bridging,
grain coating and pore filling are expected to contribute differently
to the mechanical performance of bio-cemented soils. However, in
practice, bio-cemented soil samples exhibit a combination of distribu-
tion patterns, so that the effects of individual distributions cannot be
easily assessed experimentally. This paper sheds the light on the role
of the carbonate distribution patterns on the mechanical behaviour of
bio-cemented sands using discrete element modelling (DEM).

Two approaches have been used to model cemented soils using
the discrete element method. The most commonly adopted approach
consists in simulating the effects of cementation by introducing virtual
bonds (such as parallel bonds) between soil grains (Utili and Nova,
2008; Shen et al., 2016; Feng et al., 2017; Yang et al., 2019). This
method implicitly assumes contact cementing between grains. Over-
all, the approach is able to capture some features of cemented soils,
such as the increase in peak strength and dilatancy, but may lead to
an underestimation of the ultimate strength as the bonds disappear

after breakage (Feng et al., 2017). Furthermore, the mass content of
carbonate is only considered implicitly in the model. An alternative
modelling approach consists in representing the cement agents using
real particles (Wang and Leung, 2008a,b; Evans et al., 2014; Li et al.,
2017; Khoubani, 2018). In this case, different distribution patterns and
mass contents of calcium carbonate can be considered, leading to a
better representation of the post-peak behaviour. The main drawback
of this approach is the computational cost associated with the increased
number of particles.

In this paper, the latter DEM approach is adopted to investigate
the role of the carbonate distribution patterns on the mechanical per-
formance of lightly bio-cemented sands. Four types of bio-cemented
samples are modelled such that each sample contains only one carbon-
ate distribution pattern. The DEM samples are then subjected to drained
triaxial compression under different confining pressures. The effects of
the carbonate distribution pattern, confining pressure and carbonate
content on the mechanical performance of bio-cemented sands are in-
vestigated. The role of the microstructure and bond breakage evolution
on the macroscopic response is thoroughly analysed.

2. Discrete element model
2.1. Microstructure idealisation

In order to assess the role of the carbonate distribution pattern on
the mechanical behaviour of cemented soils, idealised DEM samples
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with a single distribution pattern are generated. Fig. 1 presents the
idealised microstructures corresponding to the four types of carbon-
ate distributions, namely contact cementing, bridging, grain coating
and pore filling. Sand grains and carbonate particles are modelled
using spheres. In the case of contact cementing (Fig. 1(a)), carbonate
particles are located around sand-sand contacts, forming a cement
chain. Carbonate particles of a given cement chain have the same size,
and neighbouring carbonate particles are in contact with each other.
Fig. 1(b) shows the bridging type of distribution, where one carbonate
particle is used to represent the cement bridge. For grain coating, all
carbonate particles bound to a given sand grain are assumed to have the
same size and are randomly distributed at the surface of the sand grain
(Fig. 1(c)). Finally, carbonate particles are randomly distributed in the
pore space of the host sand in the case of pore filling (Fig. 1(d)). Note
that, in the absence of gravity, these carbonate particles are initially
not in contact with sand particles.

2.2. Inter-particle contact laws

The discrete element simulations are performed using the open-
source platform YADE (Smilauer et al., 2015). A cohesivefrictional
contact model, based on the classical linear elastic—plastic law from Cun-
dall and Strack (1979) and accounting for rolling and twisting resis-
tance, is used. Details of this contact model can be found in Bourrier
et al. (2013) and Smilauer et al. (2015).

For two spheres of radii R; and R, in contact, the normal force
F,, incremental shear force AF,, incremental rolling moment AM, and

incremental twisting moment AM,, are calculated as:

F, = kequ,ii o)
AF, = —k Aii, )
AM, = —k, A, (3)
AM,, = —k, A8, 4

where u, is the relative normal displacement of the two spheres, 7 is the
normal contact vector, 4ii is the incremental tangential displacement,
and A6, and 40, are the relative rotations due to rolling and twisting
respectively. k,, k,, k. and k,,, are the contact normal stiffness, tangen-
tial stiffness, rolling stiffness and twisting stiffness respectively, which
are given by:

_ 2ERER,

ey = 117272 ®)
E\R| + E)R,

k, = vk, )

kr = arRlRst (7)

krw = atwRIRst (8)

where E; (i = 1,2) is the modulus of elasticity of particle i, v is the
shearing stiffness coefficient, and «, and «,,, are the rolling and twisting
stiffness coefficients respectively.

The normal, shear, rolling and twisting resistances are equal to:

FMX =, min(Ry, R, )
F"aX = || F, |[tang!. + o,pmin(Ry, Ry)? 10)
M™% = ||F, |ln,min(R;, Ry) (1)
M = ||F, |In,,,min(R;, Ry) (12)

where o,,, is a cohesive strength parameter which controls the adhe-
sion forces in the normal and tangential directions. ¢/ is the contact
friction angle, and #, and #,,, are the resistance coefficients of rolling
and twisting, respectively. In general, an increase in the contact friction
angle ¢/ leads to an increase in peak strength and dilatancy, but has
limited influence on ultimate strength. On the other hand, an increase
in the resistance coefficients #, and #,,, results in an increase in both
peak and ultimate strengths, as well as in dilatancy. Further discussion
on the effects of the contact model parameters on the macroscopic
response of granular assemblies is available in Aboul Hosn et al. (2017).
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Fig. 2. Particle size distribution of the uncemented (host) sand before and after radius
expansion.

Table 1
Ranges of carbonate particle size for bio-cemented sands displaying different
distribution patterns. (unit: mm).

Bridging
0.3 - 0.86

Contact cementing

0.12 - 0.37

Coating
0.18 - 0.65  0.42

Pore filling

Carbonate
particle radii

2.3. Sample preparation and model parameters

Bio-cemented samples with different carbonate distribution patterns
are generated from the same host uncemented sand. The procedure
for preparing DEM samples of host sand and bio-cemented soil is as
follows:

1. A sand packing containing 7000 sand particles is generated. The
original particle size distribution can be found in Fig. 2. All the
particles are randomly located inside a 7 cm X 7 cm X 14 cm
box formed by six rigid walls. There is no contact between the
particles at this stage.

2. The radius expansion method incorporated in YADE is used
for isotropic compression. Accordingly, the radius of the sand
particles is increased proportionally to their initial size until
reaching a confining pressure of 100 kPa. The radius expansion
is then turned off to fix the size of the particles, and the inter-
particle friction angle is adjusted to reach a target porosity of
0.439. During this process, the rigid walls are controlled by a
servomechanism to maintain the confining pressure. Once the
target porosity is reached, the friction angle is set to the value
which is used for the deviatoric loading stage. For samples tested
under higher confining pressures (i.e. 200 kPa and 400 kPa),
the confining pressure is further increased by moving the lateral
walls. The particle size distribution of the host sand after radius
expansion is shown in Fig. 2.

3. After the generation of the host sand sample at different confin-
ing pressures, an algorithm is used to introduce the carbonate
particles at the designed positions and obtain the bio-cemented
samples with the different distribution patterns. Bio-cemented
samples with 3 different carbonate mass contents (mass of car-
bonate over total mass of the sample) are investigated in this
study, namely 1%, 2% and 3%. Illustrations of the four types
of bio-cemented samples are presented in Fig. 3. The size of
particles of bio-cemented samples are summarised in Table 1. It
should be noted that, for a given cemented sample, the size of the
carbonate particles is not uniform, but belongs to a certain range,
which varies slightly for the different distribution patterns.
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Fig. 3. DEM samples of idealised bio-cemented sands displaying different distribution patterns. (a) Contact cementing, (b) bridging, (c) grain coating, and (d) pore filling.

Table 2

Properties of the particles used in the DEM simulations.
Properties Symbol Unit Sand Carbonate
Density p kg/m’ 2650 2710
Young’s modulus E MPa 200 180
Shearing stiffness coefficient v - 0.3 0.3
Friction angle A ° 19 19
Rolling stiffness coefficient a, - 0.8 0.8
Twisting stiffness coefficient o, - 0.8 0.8
Rolling resistance coefficient n, - 0.15 0.15
Twisting resistance coefficient Mo - 0.15 0.15

The parameters used for the sand and carbonate particles are listed
in Table 2. The parameters of the sand particles correspond to rough
sand grains. The Young’s modulus of quartz is around 97 GPa (Peng
and Redfern, 2013), while the Young’s modulus of calcite is around
88.2 GPa (Ekprasert et al., 2020). Accordingly, the Young’s modulus
of carbonate is assumed to be 0.9 times the Young’s modulus of sand.
The shearing stiffness coefficient (v), friction angle ((pé), rolling and
twisting stiffnesses («, and «y,,), and rolling and twisting resistances
(. and #,,) of carbonate particles are assumed to be the same as
those of the sand particles given the lack of experimental data. In
this study, the aforementioned parameters are maintained constant
throughout the simulations, including after bond breakage. However,
it should be noted that a recent study by Ren et al. (2021) suggested
that the residual strength of cemented grains is slightly greater than
the one of uncemented grains due to the formation of debris at the
grain surface. Cohesion is only applied on initial sand—carbonate (S-C)
and carbonate—carbonate (C-C) contacts and vanishes once a bond is
broken. The cohesive strength of S-C contacts (UCS‘;,C) is set equal to 10
MPa. The cohesive strength of C-C contacts is assumed to be 5 times
smaller than Gcs;lc as it has been observed by Montoya and Feng (2015)
that failure tends to occur in the cement phase. Further insights into
the micromechanics of cemented grains can be found from Ren et al.
(2021), confirming the brittle nature of both tensile and shear failure.

The uncemented sample and idealised bio-cemented samples are
subjected to drained triaxial loading. The deviatoric loading is con-
ducted by a servomechanism which maintains a constant confining
pressure on the four lateral walls. All walls are frictionless. The bottom
wall is fixed while a constant strain rate is applied on the top wall. The
strain rate is set as 1/s to speed up the simulations. The inertial number
I is used to verify quasi-static conditions of the packing (Da Cruz

et al., 2005; Rakhimzhanova et al., 2019; Jiang et al., 2019). It is

defined as I = ed+/p/p’, where ¢ is the strain rate, d is the mean
diameter of particles in the sample, p is the particle density and p’
is the mean effective stress. The inertial number of uncemented sand
is 7.16 x 10~* for p’ = 100 kPa, which is smaller than the value of
1 x 107 suggested by Da Cruz et al. (2005). The inertial number of
bio-cemented samples is lower than that of uncemented sample as
cemented samples have a much smaller mean particle diameter than
uncemented sample. Consequently, quasi-static conditions are ensured
for all simulations.

3. Results and discussion

In this section, the macroscopic stress—strain relationship and vol-
umetric response of different packings are assessed. The results are
analysed to investigate the effects of the carbonate distribution pattern,
confining pressure and carbonate content on the macroscopic response
of bio-cemented soils. Microscopic observations, focusing on the coor-
dination number evolution and bond breakage behaviour, are then used
to get further insights into the macroscopic response.

3.1. Macroscopic responses

3.1.1. Effects of the carbonate distribution pattern

The effects of the carbonate distribution pattern on the mechanical
response of bio-cemented sands are highlighted in Fig. 4. It reveals
that carbonates distributed in the patterns of bridging and contact
cementing significantly affect the stiffness (denoted as Es in Fig. 4(a)),
strength and volumetric response of samples with 1% carbonate con-
tent. Coating results in a slight improvement of strength and dilatancy,
while pore filling has negligible effects on the response of the material.
The stress—strain responses, and in particular the yielding pattern,
of contact cementing and bridging are fundamentally different. The
sample with a bridging cementation exhibits a higher peak strength and
relatively brittle yielding as compared to contact cemented samples,
whose behaviour is associated with strain softening. This difference in
mechanical response can be explained by different initial carbonate
distribution patterns and different evolutions of the carbonate distri-
bution upon shearing, which is further discussed based on microscopic
observations in Section 3.2.

Fig. 4(b) shows that samples with cementation in the forms of
bridging and contact cementating exhibit obvious dilatancy enhance-
ment as a result of particles bonding. This enhancement in dilatancy of
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Fig. 4. Effects of the carbonate distribution pattern on the shear response of bio-
cemented samples with 1% carbonate content and under a confining pressure of
100 kPa. (a) Stress-strain response and (b) volumetric response.

bio-cemented sands is generally observed in experimental studies (see
Wang and Leung, 2008b; Nafisi et al., 2020; Wu et al., 2021, among
others). The enhancement is attributed to the irregular particle clusters
formed of sand grains and binders (Shen et al., 2016). These clus-
ters lead to a more open soil structure and larger volumetric strain
upon shearing as compared to the uncemented material. In addition,
the unbroken clusters prevent the high void space from collapsing,
thereby maintaining a high volumetric strain at large strain, as reported
by Wang and Leung (2008b). Finally, the bio-cemented sample with
coating pattern shows increase in dilatancy, which can be attributed to
additional interlocking of particles upon shearing. This can be inferred
from the evolution of coordination number of carbonate, which is
discussed in Section 3.2.

3.1.2. Effects of the confining pressure

Fig. 5 shows the results of triaxial simulations on bio-cemented
samples with 1% carbonate content at confining pressures of 200 kPa
and 400 kPa. Qualitatively, the mechanical behaviour of each type
of bio-cemented samples under 200 kPa and 400 kPa confinement is
similar to the corresponding case at 100 kPa. On the other hand, the
improvement in strength for bridging and contact cementing becomes
negligible with respect to the effect of the increasing confining pressure.
This finding is consistent with experimental observations from Feng and
Montoya (2015) and Nafisi et al. (2020), in which lightly bio-cemented
samples exhibit limited improvement in strength under a confining
pressure of 400 kPa.

3.1.3. Effects of carbonate content
Cemented samples with carbonate contents up to 3% show similar
mechanical behaviour as samples with a carbonate content of 1% in
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general. Fig. 6 shows the strength envelopes at the peak and ultimate
states (¢, = 40%), and their evolution with carbonate content, in the
case of bridging and contact cementing samples. The effective friction

Mean effective stress, p' (kPa)

Fig. 7. Ultimate strength envelopes for different carbonate contents. (a) Bridging and
(b) contact cementing.
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angle (¢’) and cohesion (c) at each state are derived using a linear
Mohr-Coulomb criterion. Fig. 6 shows that a higher carbonate content
leads to a higher peak strength in both bridging and contact cementing
cases. Moreover, the increase in peak strength is associated with in-
creases in both friction angle and cohesion in the case of bridging, while
the increase in peak strength for contact cementing case mainly arises
from an increase in cohesion rather than friction. The friction angles
at the ultimate state of both bridging and contact cementing samples
remain fairly constant with increasing carbonate content, as shown in
Fig. 7. The relationship between carbonate content and improvement in
cohesion is further elaborated in Fig. 8, from which a linear relationship
can be inferred between carbonate content and peak cohesion. This
finding is consistent with what has been reported by Wu et al. (2021).
In addition, the increase in peak cohesion with increasing carbonate
contents is higher for contact cementing than bridging pattern. The
cohesion at the ultimate state is low, especially for contact cementing
case. This can be attributed to the large amount of broken bonds at the
ultimate state, which is discussed in Section 3.2.2.

It should be noted that, in the case of coating, there is a clear trend
of increase in strength with the increase of carbonate content, as shown
in Fig. 9(a). This behaviour is further associated with an improvement
in dilatancy. On the other hand, there is negligible effect of carbonate
content on the mechanical behaviour of pore filling type of samples,
as shown in Fig. 9(b). This could be attributed to the relative low
carbonate content (up to 3%) in the present study. This finding is in

Cohesion (kPa)
g &5 8 3
T T T T

[ )
<
T

S
T

2.0

Carbonate content (%)

Fig. 8. Evolution of the cohesion at peak and ultimate states with carbonate content
in the case of bridging and contact cementing.

agreement with what had been observed from DEM studies on pore-
filling type of methane hydrate soils (Brugada et al., 2010; Ding et al.,
2022, among others).

3.2. Microscopic observations
3.2.1. Coordination numbers

The coordination number Z can be used to describe granular assem-
blies and, in particular, the average number of contacts per particle. In
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Fig. 9. Effects of carbonate content on the stress—strain response under a confining pressure of 100 kPa. Samples with (a) coating and (b) pore filling distribution patterns.

the case of structured polyphasic soils, the coordination number of the
different (solid) phases provides better insights into the effects of the
phases on the granular structure than the overall coordination number.
The coordination number of phase ® is defined as:
ZT) G

z®= —INjD (13)
where @ represents either the sand (s) or carbonate (c) phase, C;
denotes the number of contacts that particle i (in phase ®) has, and
N® is the number of particles in phase ® of the assembly.

Fig. 10 presents the evolution of the coordination numbers of the
sand and carbonate phases. Fig. 10(a) shows that cementation in the
form of contact cementing increases drastically Z°. This increase of Z*
is associated to the fact that each carbonate particle initially introduces
two S—C contacts. In addition, for the same carbonate content (1%),
the sample with contact cementing involves the largest number of
carbonate particles (78765 for contact cementing, 7338 for bridging,
22893 for coating and 11448 for pore filling). Consequently, this
distribution pattern leads to the highest Z* among all cemented samples
with a given carbonate content. Cementation in the form of bridging
and coating also leads to a large increase in Z° as carbonate particles
connect to sand grains, which results in an increase in the number of
contacts of sand grains. Z° for the sample with pore filling evolves
similarly to the uncemented sample. It drops initially and becomes
stable at around 3 to 3.5. Note that this trend is generally observed
in dense DEM samples (Rothenburg and Kruyt, 2004; Guo and Zhao,
2013). The similarity between Z° in the cases of pore filling and the
uncemented sample can be attributed to the negligible number of
contacts introduced by carbonate particles to the sand grains. This can
also be inferred from Fig. 10(b), which shows that Z¢ of the sample
with pore filling remains at a very low value close to 0, indicating that
carbonate particles in the case of pore filling are basically not involved
in the granular matrix. Z°¢ in the case of contact cementing starts at
4, as each carbonate particle initially connects to two sand grains and
its two neighbouring carbonate particles. Similarly, Z¢ in the cases of
bridging and coating is initially equal to 2 and 1, respectively, as each
carbonate particle connects respectively to two and one sand grains.
Z°¢ in the cases of contact cementing and bridging gradually decreases
during shearing due to the lost of sand-carbonate connections. On the
other hand, Z¢ in the case of coating shows a moderate increase as some
of the carbonate particles gain new contacts with other particles during
shearing.

The mechanical coordination number Z, can further be used to
describe the mechanical contribution of granular assemblies. Follow-
ing Thornton (2000), the mechanical coordination number of phase ®
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Fig. 10. Coordination numbers of the (a) sand and (b) carbonate phases for samples
with 1% carbonate content and under a confining pressure of 100 kPa.

is defined in this study as:

N® D
70 _ Xio G- Ny

n = Ne N N® as

where Ng’ is the number of particles in phase ® without any contact

and N;" is the number of particles in phase ® with one contact only.
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Fig. 11. Mechanical coordination numbers of the (a) sand and (b) carbonate phases
for samples with 1% carbonate content and under a confining pressure of 100 kPa.

The mechanical coordination numbers for sand and carbonate are
shown in Fig. 11. Z} and Z° exhibit similar trends for all types of
samples. In contrast, Z evolves differently from Z° in the cases of
bridging, coating and pore filling. Z¢ for the sample with a bridging
carbonate distribution pattern almost keeps constant at 2. Z¢ for the
sample with carbonate coating starts from 0 and evolves around 2. In
the case of pore filling, Z¢ is initially equal to 0, increases rapidly at
the beginning and goes above 2.

As discussed above, interesting insights can be obtained from the
coordination number and mechanical coordination number. However,
these numbers have limited capacity to explain the mechanical be-
haviour of bio-cemented soils upon shearing. In particular,

* The significant high values of Z° and Z’ in the case of contact
cementing hardly reflect the difference in mechanical response
as compared to uncemented samples or bio-cemented samples
displaying a different distribution pattern. Instead, samples with
contact cementing show a lower peak strength than bridging
samples (Fig. 4(a)). This inconsistency results from the fact that
Z and Z,, are derived based on the number of contacts of every
single particle, while several carbonate particles strengthen to-
gether one sand-sand contact in the case of contact cementing
(Fig. 12). Therefore, an alternative approach for the definition of
the coordination number for contact cementing case is to treat
this set of carbonate particles as one equivalent bond.

Samples with grain coating show the second highest Z° and Z; ,
while they do not exhibit obvious strength improvement. This
suggests that it might be better to take into account only the
contacts created by carbonate particles that bond sand grains.
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Fig. 12. Definition of effective bonds in samples with bridging (left) and contact
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Fig. 13. Evolution of the effective coordination number upon shearing under a
confining pressure of 100 kPa (carbonate content of the bio-cemented samples equal
to 1%).

To reveal this feature, a new effective coordination number Z, is
introduced to describe the average number of effective bonds per sand
grain. It is defined as:

2(C,+C
Z. = % as)

N

where N is the number of sand particles, C, is the total number of
S-S contacts and C, is the number of effective bonds in the cemented
sample. As illustrated in Fig. 12, in the case of bridging, every carbonate
particle initially connects two sand grains. Therefore, C, is equal to
the number of carbonate particles that have maintained their original
two S-C contacts. In the case of contact cementing, several carbonate
particles form a cement chain and, together, strengthen one S-S con-
tact. Therefore, in this case, C, is equal to the number of intact cement
chains. Finally, in the case of coating and pore filling, C, is equal to
zero as carbonate particles do not introduce connections between sand
grains.

Fig. 13 shows the evolution of the effective coordination number
for different types of samples. It can be seen that the sample with
cementation in the form of bridging shows initially the highest Z,
followed by the sample with contact cementing. This indicates that
new effective bonds are introduced in the case of bridging and contact
cementing, leading to the improvement in strength (Fig. 4). Samples
with a distribution of carbonate in the forms of coating and pore
filling have almost the same coordination number as the uncemented
sample, corresponding to no additional effective bonds introduced from
carbonate particles.

3.2.2. Bond breakage behaviour
The stress—strain responses of samples with cementation in the
forms of bridging and contact cementing are related to the evolution of
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the microstructure upon shearing and, in particular, to the progressive
breakage of bonds. The bond breakage ratio is defined as the ratio
between the number of broken effective bonds and the number of initial
bonds. Fig. 14 shows the evolution of the bond breakage rate (the
derivative of the bond breakage ratio with respect to the axial strain)
normalised by it maximum value in the corresponding simulation.
Fig. 14(a) shows that, in the case of bridging, the maximum bond
breakage rate occurs prior to the peak strength and coincides with
the maximum tangent Young’s modulus. It is followed by a sharp
decrease. In that case, a single carbonate particle contributes to the
contact between two sand grains. Accordingly, as soon as one of the
initial S-C contacts is lost, the contribution to the strength improve-
ment vanishes, leading to an overall softening. In the case of contact
cementing (Fig. 14(b)), the post-peak behaviour is associated with a
gradual decrease of the normalised bond breakage rate, leading to a
progressive decrease in the overall strength and a more ductile be-
haviour as compared to the case of bridging. Fig. 15 shows the breakage
progress of one cement chain monitored upon shearing. The breakage
progress is described as the percentage of the number of carbonate
particles which have lost any of their initial connections to a sand grain
over the number of carbonate particles which have kept the original
connections with the sand grain in that cement chain. The figure shows
that the connections between sand grains and carbonate particles in the
cement chain are not lost at the same time, but gradually at different
strain levels.

The bond breakage ratio at the ultimate state is plotted in Fig. 16.
The figure shows that, in the cases of both bridging and contact

Confining pressure (kPa)

Fig. 16. Evolution of the bond breakage ratio at e, = 40% with the confining pressure.

cementing, the ultimate bond breakage ratio increases with the con-
fining pressure. In addition, most bonds are broken at the ultimate
state in contact cementing cases, while the samples with a bridging
pattern show a much lower bond breakage ratio as compared to contact
cementing samples.

3.2.3. Spatial distribution of breakage

Fig. 17 presents the spatial distribution of breakage at an axial strain
of 40% in the case of bridging and contact cementing under a confining
pressure of 100 kPa. The black dots in Fig. 17 represent the carbonate
particles which have lost any of their initial S-C contacts. It can be
seen that for both bridging and contact cementing, the breakage events
distribute uniformly among the sample, independently of the carbonate
content. This finding is in agreement with observations on the lightly
cemented sample by Li et al. (2017). However, strain localisation in the
form of shear bands has been observed in bio-cemented sands by Lin
et al. (2015), Montoya and DeJong (2015), Cui et al. (2017), Nafisi
et al. (2019). The reason why shear localisation is not observed in this
study may be attributed to the rigid walls used for the boundaries,
which hamper the development of shear bands (Yang et al., 2019).
Further DEM studies with soft membrane boundaries are necessary to
assess the role of the boundary conditions on the development of strain
localisation.
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Fig. 17. Spatial distribution of breakage at an axial strain of 40%. (a) 1%, (b) 2% and (c) 3% carbonate content for samples with bridging carbonate particles, and (d) 1%, (e)

2% and (f) 3% carbonate content for samples with contact cementing.

4. Conclusions

In this paper, the complex microstructures of bio-cemented soils
are simplified and idealised to focus on the main features of the
carbonate distribution patterns. Four types of distribution patterns are
investigated, namely bridging, contact cementing, grain coating and
pore filling. Idealised bio-cemented samples which contain only one
of the four distribution patterns are modelled in DEM. In each of
the samples, carbonate particles are explicitly simulated with particles
placed in designated positions to replicate the corresponding distribu-
tion pattern. The results from a series of drained triaxial compression
simulations carried out in this paper show that the distribution patterns
of carbonate strongly affect the mechanical behaviour of bio-cemented
sands. While bridging and contact cementing lead to the highest im-
provement in stiffness, strength and dilatancy, coating shows a trend of
improvement in strength with increasing carbonate content, associated
with an increase in dilatancy. Bio-cemented samples displaying a pore
filling pattern show a similar behaviour as uncemented samples. For
a same carbonate content, cementation in the form of bridging leads
to the largest strength improvement as well as the largest dilatancy
enhancement, followed by contact cementing pattern. The strength
parameters of bio-cemented soil samples are derived assuming a linear
Mohr-Coulomb criterion. The formation of carbonate crystals in bridg-
ing pattern contributes to the shear resistance of bio-cemented soil by
increasing both the friction angle and cohesion, while it mainly exhibits
an increase in cohesion rather than friction angle for samples with
contact cementing pattern. As some of the DEM parameters are not yet
available from experiments, it is recommended, in future work, to carry
out grain-scale micromechanical tests to provide references for DEM
parameters and bridge the gap between DEM simulations and physical
studies (see Wang et al., 2017; Kasyap et al., 2021; Ren et al., 2021;
Reddy et al., 2022, among others). An engineering implication from
the findings of the present paper is that to gain strength improvement
the most effectively, treatment should ideally be tailored to precipitate
calcium carbonate in bridging pattern. Therefore, further research on
controlling the distribution pattern of the precipitated carbonate is
needed.
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